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INTRODUCTION 
The development of analytical computer models to predict ultrasonic scatteling from 
individual, small flaws in components with complex geometries [1,2] has undergone con-
siderable work. These models, known as the ultrasonic measurement model, are based on 
the Gauss-Helmite beam model [2] and account for the effects of diffraction and refrac-
tion of the ultrasonic beam, mode conversion at the water-solid interface and material 
attenuation. Potential uses include increasing confidence in obtaining a reasonable proba-
bility of detection of a critical flaw, assisting in developing a scan plan for a particular 
geometry and combination with a computer aided design package as an additional design 
aid. 
The model as currently implemented predicts the scatteling from a single flaw of 
known type, size, shape and Olientation under the stipulation that the flaw size must be 
small with respect to the ultrasonic beam. Excellent agreement between experiment and 
the model has been obtained from both an oblate spheroidal cavity in Titanium alloy and a 
tin-lead solder sphere in thermoplastic [1]. Other geometries examined with equal success 
include simulated cracks in tubing [3] and the effect of a step discontinuity of the sample 
surface [4]. 
This paper reports on the initial steps to extend the model to the case of multiple flaws 
and repOlts on the comparison of the predictions of the extended model to experimental 
observations made from multiple cracks. The initial extension of the model assumes 
independent scattering, e.g. the scattered fields from one flaw do not interact with other 
flaws before being detected. The total scattered field from all the flaws present is deter-
mined by calculation of the scattering from each individual flaw and summing the contri-
butions from each flaw allowing for phase changes thereby cOlTecting for constructive or 
destructive interference. 
The multiple flaw sample used for the experimental obselvations was a welded section 
of heavy wall steel pipe containing damage due to hydrogen attack. A photomacrograph of 
the sample in the radial direction is shown in Figure l. The welded area can be easily seen 
near the center of the sample. Hydrogen attack results when a carbon bearing steel is 
exposed to a hydrogen-containing atmosphere at elevated temperature and pressure. The 
hydrogen diffuses into the steel and scavenges the carbon to form methane and other relat-
ed hydrocarbon gases, resulting in pores on the grain boundaries which eventually link to 
Review of Progress in Quantitative Nondestructive Evaluation. Vol. 14 
Edited by D.O. Thompson and D.E. Chimenti. Plenum Press. New York. 1995 91 
Figure 1. Photomacrograph of welded sample containing mUltiple cracks. Cracked area is 
to the right of the weld near the lower surface. 
fOlm cracks. The specific conditions to which this sample was exposed resulted in the 
cracks being confined to a relatively thin layer next to the inner sUlface of the pipe. 
ULTRASONIC OBSERVATION 
The original ultrasonic investigation of the sample is shown as a gray-scale C-scan is 
Figure 2. The scan was done using longitudinal waves with a time gate whose length was 
equivalent to observation of a 5 mm thick layer of material on the inside diameter of the 
pipe but excluding the back sUlface echo. The scan was done using a 15 MHz spherically 
focussed transducer with an effective diameter of 1.214 cm and effective focal length of 
9.64 em in water. The water path was set such that the focal point of the transducer was 
1.4 cm below the outside surface of the pipe. 
The welded area shows in the C-scan as a dark vertical area just to the right of center 
with several areas of strong reflection in the bottom half of the weld. To the right of the 
weld is a large area of strong reflected energy shown by the ilTegular shaped dark gray 
area. This area of strong reflections is due to the presence of hydrogen attack damage 
rather than being caused by the welding itself since there are is no cOlTesponding reflec-
tions on the opposite side of the weld. 
A representative data set from one of the points shown in the C-scan is shown in Figure 
3. The energy being reflected from the hydrogen attack damage appears in the echoes 
between 6 and 7 microseconds with the large echo just after 7 being due to the back 
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Figure 2. Ultrasonic C-scan of multiple crack sample. Weld area shown by dark vertical 
band. IlTegular dark area to right of weld caused by hydrogen damage cracks. 
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Figure 3. Representative ultrasonic reflection from the cracked area of the sample. 
surface. The amplitude of the reflections caused by the damage is dependent on the severi-
ty of the damage (in this case, fairly severe) and could potentially be used to provide 
infOlmation on the size and density of the cracks causing the reflections. The measurement 
model is one candidate to provide that infonnation. 
MICROSTRUCTURAL DAMAGE CHARACTERIZATION 
In order to provide input values to the measurement model for prediction of the reflect-
ed energy, a slice was taken from the sample and sectioned for metallographic analysis. 
The slice taken was in the plane of Figure 1 with the sections cut in the axial direction. 
The sections were cut 1.7 mm thick with 3.2 mm between the centers of the sections. A 
schematic of the sections as cut is shown in Figure 4. The sections were positioned with 
the center of the weld between sections 5 and 6 and the face of the section nearest to the 
center of the weld was polished for examination and detennination of the distributions of 
the crack size, position and orientation. 
The number density of cracks, their position, length and angular orientation were 
measured for each of the ten sections. From this data, normal distributions were created 
for input to ele measurement model. The cracks were assumed to be pillbox shape and 
unifolmly distlibuted in the plane perpendicular to the smiace being analyzed. Conversion 
of the two-dimensional analysis results for the crack length to a three-dimensional crack 
diameter was accomplished using a most probable chord calculation. Distributions for the 
sections labeled 7 and 8 are given in Table 1. No values are given for the mean and stand-
ard deviation of the X and Y positions since the cracks are assumed to be unifOlm in the 
plane perpendicular to the ultrasonic beam. The distributions shown for the position in the 
direction parallel to the beam (Z) are measured from the outside diameter of the pipe. Also 
given are the minimum and maximum values of the parameter described by each distribu-
tion. 
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Figure 4. Schematic drawing showing location of sections removed for metallographic 
analysis 
Table I. Crack parameter distributions for measurement model. 
Section Parameter Mean Std. Dev. Minimum Maximum 
7 Diameter 0.0045 0.0045 0.0006 0.0255 
7 X N/A N/A -0.1 0.1 
7 Y N/A N/A -0.1 0.1 
7 Z 1.95 0.30 1.8 2.1 
7 Angle 0 45 -90 90 
8 Diameter 0.0064 0.0064 0.0006 0.0255 
8 X N/A N/A -0.1 0.1 
8 Y N/A N/A -0.1 0.1 
8 Z 2.05 0.10 2.0 2.1 
8 Angle 0 30 -90 90 
COMPARISON OF PREDICTION WITH EXPERIMENT 
Comparisons of the predictions of the measurement model calculated from the distribu-
tions shown in Table I with the experimentally obtained results from cOITesponding 
sample positions are shown in Figures 5 and 6 cOITesponding to sections 7 and 8 respec-
tively. The experimental results are shown on the bottom half of each graph with the 
model prediction for each case at the top. In order to eliminate confusion, the back smface 
reflections in each of the experimental results graphs have been artificially removed so 
that only those reflections due to the crack damage are seen. In both cases but particularly 
in Figure 6, the amplitude and shape of the predicted echoes is surprisingly good. In the 
details of the reflections, there remains considerable disagreement between the predicted 
and experimental results. 
It must be remembered that the assumption was made in this preliminary extension of 
the ultrasonic measurement model that each crack would scatter energy independently, 
e.g. the energy scattered from a single crack would not interact with any of the cracks 
present before being detected. This assumption is obviously incomplete and will require 
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Figure 5. Comparison between measurement model prediction (top) and experimental 
observation (bottom) for section 7. 
further work. It is also important to note that the flaw distributions used here are based on 
observations made in two dimensions and then generalized to three dimensions. As can be 
seen in Table I, the distributions varied significantly between the two positions examined. 
A more complete description of the actual flaws present in the volume of the sample 
examined in the experiment should cause the measurement model to become more accu-
rate. The work to date. however. has shown that even with these limitations. the measure-
ment model appears capable of predicting the correct approximate amplitude of the energy 
reflected from multiple defects. at least in the case of multiple cracks. 
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Figure 6. Comparison between measurement model prediction (top) and experimental 
observation (bottom) for section 8. 
SUMMARY 
The ultrasonic measurement model has proven useful in generating simulated wave-
forms for the situation of multiple flaws. WavefOlms similar in both shape and amplitude 
to those obtained from an experimental sample with multiple flaws have been generated 
using the measurement model. The agreement between the model and the experimental 
results is limited both the lack of exact knowledge of the complete flaw distribution in the 
sample and the independent scattering assumption in the model. The similarity between 
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the model predictions and experimental results is sufficiently good, however, to continue 
to pursue further refinements with the expectation that the ultrasonic measurement model 
will be capable of more accurate predictions. 
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